Introduction
Heat exchanges with the environment are crucial processes for maintaining homeothermy by humans and other animals. These exchanges involve heat production, conservation, and dissipation, and are dependent on both biological and physical factors. The complexity of these exchanges has led to many attempts to represent the environmental aspects by surrogate thermal indices as a basis for assessing the biological effect and consequent impact of the thermal environment. Resultant index values represent effects produced by the heat exchange process. For humans, comfort assessment is primary; for animals, assessing performance, health, and well-being have been foremost. Emphasis in this chapter is on thermal indices used in animal studies and their applications, with a view toward strategic and tactical decisions for rational environmental management. Illustrative examples are included, as are considerations for future efforts.
Historically, most efforts to develop thermal indices have been for human applications, and involve both psychological and physiological aspects. Jendritzky et al. (2002) states that more than 100 such indices have been developed over the past 150 years, usually based on two thermal parameters to represent the complex heat exchanges between the human body and the thermal environment. Ideally, "...each index value will always result in a unique thermophysiological effect, regardless of the combination of the input meteorological input values" (Jendritzky et al., 2002) .
1 This utopian goal is unattainable in reality for thermal indices representing livestock environments because of the complex interactions of the environment and animal factors, which result in a variety of responses depending on species and individual animal characteristics.
Contrary to the focus of human-oriented thermal indices on comfort, the primary emphasis for domestic animals has been on indices to support rational environmental management decisions related to performance, health, and well-being (Hahn and McQuigg, 1970a; Hahn, 1976 Hahn, , 1995 . These animal-related indices recognize the ability of the animal to cope with environmental stressors (within limits) by adjusting physiologically, behaviorally, and immunologically to minimize adverse effects (Hahn, 1999) , or even compensate for reduced growth performance during moderate environmental challenges (Hahn, 1982) . Only when the magnitude (intensity and duration) of potential stressors exceeds thresholds, coupled with limited opportunity for recovery, are animals unable to cope and therefore are affected adversely (see Figure 1 and related discussions in Chapter 1). Most of the effort to develop thermal indices for livestock has focused on moderate to high temperature conditions because of the higher risk of such environments for homeothermic animals. The effects of cold conditions on animals are relatively limited when nutritional needs are adequate, and vulnerable animals are usually housed.
For farm animals, thermal indices have nevertheless served as useful surrogates for the complex interactions between the physical and biological components (Hahn et al., 2003) . As such, indices have been used to provide guides for environmental management and assessment of risk for losses through linkages with responses related to physiology (Eigenberg et al., 2005) or animal performance (Hahn and McQuigg, 1970a; Hahn, 1976; Baccari, 2001 ). The linkage is based on observations of a selected performance criterion (e.g., growth, milk, or egg production) made concurrently with measures of the thermal environment. These serve as inputs for the selected thermal index and thus an empirical relationship (termed a biologic response function by Hahn and McQuigg, 1970b) can be developed. This emphasizes the biological consequences associated with the index values. Additionally, if the same thermal index is selected for the response functions of multiple performance criteria and species, there is opportunity for broader application of the index climatology (e.g., through development of probability information).
The focus of this chapter is on indices representing the influence of thermal environments on farm animal responses, and applications of those indices as the basis for environmental management of livestock. Examples are included to enhance understanding of the background and application of specific approaches used to assess the impact of thermal conditions, and considerations are suggested that may be useful in the further development of thermal indices for animal studies and management applications.
The Development of Thermal Indices for Animals
As discussed in Chapter 1 in the Psychrometrics section, dry-bulb temperature provides a measure of the sensible heat content of air, and represents a major portion of the driving force for heat exchange between the environment and an animal. However, other measures of the thermal environment also impact the total heat exchange, includ-ing latent heat content of the air, as represented by some measure of the insensible heat content (e.g., dew-point temperature or humidity), thermal radiation (shortwave and longwave), and airflow. Yamamoto (1983) provides a good discussion of the influence of humidity, air movement, and thermal radiation on heat exchanges related to effective temperatures. He concluded that "Heat exchanges between animals and their thermal environment are not [readily] explainable in terms of physical principles because the relationships are considerably modified [by] animal factors." In part, this reflects physiological differences among species in sensible and latent heat dissipation as they respond to the heat exchange parameters, as summarized by Esmay (1969) . Behavioral aspects (e.g., huddling or burrowing in bedding during cold; wetting skin surfaces in hot conditions) also can markedly alter heat exchanges.
Because of the limitations of air temperature alone as a representative measure of the thermal environment, there have been many efforts to combine the effects of two or more thermal measures representing the influence of sensible and latent heat exchanges between the organism and its environment. It is important to recognize that all such efforts produce index values, rather than a true temperature (even when expressed on a temperature scale). As such, an index value represents the effect produced by the heat exchange process, which can alter the biological response that might be associated with changes in temperature alone. In the case of humans, the useful effect is the sensation of comfort; for animals, the useful effect is the impact on performance, health, and well-being.
It also should be recognized that indices are mathematical models, which never truly represent the complexity of the physical/biological interactions; for example, index relationships are typically linear, while real-world relationships are not. Nevertheless, thermal indices have value as secondary measures, serving as surrogates for the complex interactions between the physical and biological components (Hahn et al., 2003) . Thresholds, above or below which animals are adversely affected by the thermal environment, are crucial elements for consideration in the development and use of thermal indices. Further, static responses of organisms to thermal environments are generally assumed; in reality, the responses are temporally dynamic and involve interactions within the biological system (c.f. Hahn, 1989 Hahn, , 1999 Giuseppe and Giovanni, 2002) .
Indices Related to Animal Responses Indices Based on Wet-and Dry-Bulb Temperatures
A wet-/dry-bulb temperature index (WD Index) for growing-finishing swine (typically 30-90 kg bodyweight) in acute heat conditions was experimentally determined by Roller and Goldman (1969) , based on ambient dry-bulb (T db ) temperatures from 34° to 43°C and wet-bulb (T wb ) temperatures from 23° to 31°C. Their research correlated four physiological parameters (skin temperature, rectal temperature, respiration rate, and heart rate) to these temperature conditions, as:
This WD Index was later tested by Nelson et al. (1972) for its application to determine swine performance under naturally varying summer conditions in Kentucky as well as air conditioned, evaporative-cooled, and mist-cooled environments. Nelson et al. (1972) substituted the WD Index temperature for the dry-bulb temperature of the swine production curves of Hazen and Mangold (1960) and found the WD Index adequately predicted the performance decline of 30-40 kg to market pigs in warm environments as well as the swine performance in the other three investigated environments. For smaller swine (20-30 kg), Ingram (1965) found a slightly higher sensitivity to T wb , with the coefficients being 0.65 and 0.35 for T db and T wb , respectively. A series of physiological studies with poultry have determined coefficients for T db /T wb : 0.60/0.40 for laying hens (Zulovich and DeShazer, 1990) ; 0.74/0.26 for 16-wk-old hen turkeys (Xin et al., 1992) ; and 0.53/0.47 for 6-wk-old tom turkeys to 0.42/0.58 for 20-wk-old tom turkeys (Brown-Brandl et al., 1997) . The poultry researchers used the term Temperature Humidity Index (THI) instead of WD Index for each of the species investigated. For example, the laying hen WD Index is identified as THI layers . The latter research indicated that tom turkeys are more sensitive to a humid environment as they become more mature. Zulovich and DeShazer (1990) estimated egg production declines, egg breakage, and egg weight declines from equations by Timmons and Gates (1988) for warm humid environments using the laying hen WD Index (a.k.a. THI layers ) substituted for drybulb temperature. From this information they calculated the energy requirements and thus feed consumption based on equations by Greninger et al. (1982) . With this result they predicted the economic impact of warm-humid environments on laying hen production. As an example, they determined that the maximum net income occurred between 23° and 24°C at 50% RH, based on 1990 feed cost and egg prices.
Additionally, Gates et al. (1991) used the THI layers for evaluating misting rates for poultry, and also established regional variations of the THI layers for poultry housing (Gates et al., 1995) . More details of these studies by Gates and colleagues are given in Chapter 7, "Modeling of Animal Bioenergetics for Environmental Management Applications."
Swine and poultry are basically non-sweating species, so that air moisture content has less influence than for species having a better ability to dissipate heat through skin vaporization. For beef cattle, a species with more capabilities to dissipate latent heat through the skin, Bianca (1962) developed a relationship which indicates a greater sensitivity to air moisture content, with coefficients of 0.35 and 0.65 for T db and T wb , respectively. Thus, the use of evaporative cooling could be more effective for swine and poultry as compared to cattle.
The Temperature-Humidity Index
The Temperature-Humidity Index 2 or THI, shown in chart form in Figure 1 as adapted from the Discomfort Index for humans developed by Thom (1959) , has been extensively applied for moderate to hot conditions using a response function approach, even with recognized limitations related to airspeed and radiation heat loads. Temperature and humidity influence much of the heat exchange impacts of warm and hot thermal environments, and hence often adequately represent the overall impact on livestock (Hahn, 1995; St-Pierre et al., 2003; Brown-Brandl et al., 2005 for several years served as a de facto standard for classifying thermal environments in many animal production and transport situations, and a basis for strategic and tactical management practices during seasons other than winter. The earliest example of the application of the THI as the basis for livestock response functions was for milk production decline (MDEC, kg/cow-day) of dairy cows, which was linked to the THI by means of the equation (Berry et al., 1964) :
where M = normal level of milk production in thermoneutral conditions, kg/cow-day. This response function was developed through observations of responses of lactating dairy cows during exposure for several days to a selected regime of air temperatures and humidities while housed in environmental chambers (low airflow and nil radiation load, i.e., mean radiant temperature equals air temperature). The lower threshold THI for observed adverse effects on milk production is about 72-74, depending on the normal level of production (lower for high-producing cows and higher for low production levels). Mayer et al. (1999) reported that milk production was affected at a lower THI value of 72 where no shade was provided, and that the threshold can be adjusted upward to 78 where shade and sprinklers are used. Attempts have also been made to link the THI with changes in feed intake of dairy cows (Hahn and Osburn, 1969; Roseler et al., 1997) and beef cattle (DeDios and Hahn, 1993; Hahn and Mader, 1997) .
Reproduction of dairy cows also has been linked to the THI based on field observations in Mexico and Hawaii (Ingraham et al., 1974) , and in Australia (Jonsson et al., 1997; Morton et al., 2007) . The conception rate of dairy cows was studied by Morton et al. (2007) over a three-year period in Australia. They reported a strong correlation between increasing THI values and decreasing conception rate (Figure 2) . Amundson et al. (2006) used 10 years of calving data to evaluate the THI effects on reproduction in grazing beef cows. These authors reported that for the 0-60 day breeding period the optimum THI was 68. Reductions in pregnancy rates of beef cows decreased when THI >72.9.
Even with the obvious limitations on the THI-based MDEC response function for dairy cows (e.g., disregard of airflow and thermal radiation components of the environment), it has been successfully used in a variety of research studies and management applications. Initially, it was used to estimate milk production declines during summer months for shaded dairy cows in various U.S. locations, based on climatological analyses of the THI (Figure 3 ; Hahn and Osburn, 1969; Hahn and McQuigg, 1970b) . These estimated production declines compared favorably (within 4%-15%) with actual declines measured during summertime trials in four divergent U.S. locations (Hahn, 1969) . Other climatic analyses of the THI have since been completed for other U.S. locales (e.g., Huhnke et al., 2001 ) and for several other dairy production areas of the world, where summer conditions cause reductions in production and reproduction. Examples of the latter include Argentina (Valtorta et al., 1998; de la Casa and Ravelo, 2003) , Australia (Davison et al., 1996 ), Brazil (da Silva, 2000 , and South Africa (du Preez et al., 1990) . The response function has also been used to estimate the benefits of environmental modification practices for shaded lactating cows, such as evaporative cooling (Figure 3 ; Hahn and Osburn, 1970) .
Monitoring animal performance in controlled-environment chambers over longer periods of time (weeks to months) permits development of response functions, such as for growth, milk production or other performance measures as functions of thermal parameters (e.g., t db or the Temperature-Humidity Index THI; Hahn et al., 2003) . In the development of such response functions, however, compensatory capabilities of the animals may affect the threshold for performance losses, as they have considerable ability to rebound after stressors are removed (Hahn, 1982) . Compensatory capabilities seem to exist for a relatively broad range of factors for which performance penalties are slight to moderate. Obviously, there are linkages between the dynamic, shortterm responses which influence feed intake and the longer-term performance responses which depend on feed intake. The THI has also been used as the basis for the Livestock Weather Safety Index (LWSI) to describe categories of heat stress associated with hot-weather conditions for livestock exposed to extreme conditions (LCI, 1970) , as denoted in Figure 1 . The LWSI serves as a tactical guide for mitigating the effects of challenging environmental conditions on animals in intensive production systems, as well as during transport. For many years, the U.S. Agricultural Weather Advisory Service (AWAS) provided daily early-morning advisories when the LWSI was forecast to be in the Alert and higher categories, so that livestock personnel could plan to limit handling of animals and consider use of tactical measures to protect them. Since abolishment of the AWAS because of budgetary cutbacks in the U.S., some private weather services provide such advisories to subscribers for a fee. In New Zealand, the Meteorological Service currently provides heat-stress forecasts for dairy cows at www.metservice.co.nz/data/hsigraph.
In connection with extreme summertime conditions, the THI has recently been used to evaluate spatial and temporal aspects of the development of heat waves (Hahn and Mader, 1997; Hubbard et al., 1999) . For cattle in feedlots, a THI-based classification scheme has also been developed to assess the potential impact of heat waves (Hahn et al., 1999 ) using a retrospective analysis of heat wave events over a 42-yr period that resulted in extensive feedlot cattle deaths in a Nebraska location, and based on the criteria that a heat wave was at least 3 days duration with THI >70 for all hours. The classifications incorporated persistence and nighttime cooling using a THI-hours approach 3 to assess the magnitude (intensity × duration) of the heat wave events which put the animals at risk (Table 1) . THI-hrs are developed using the same approach as used for heating degree-days and cooling degree-days, with an appropriate base. In this case, the LWSI thresholds for Danger and Emergency categories (THI >79 and THI >84, respectively), were used as the base, with hourly values computed from weather records.
The THI-hrs approach used for classifying heat waves has also been used in a recent assessment of likelihood of occurrence of heat waves (personal communication, Eric Bowles, 2007) . Climatic conditions were evaluated using more than 50 years of hourly weather records for 39 stations in the central United States. The number of each type of heat-stressing event (slight, mild, moderate, strong, severe, and extreme) was tabulated for every year based on the THI thresholds of 75, 79, and 84. Results were used to determine the probability of occurrence of a major heat wave event in the central United States, as shown in Figure 4 .
Concerns with potential climate change impacts of animal agriculture have also led to the use of the THI for assessing such impacts on production and related measures. [a] Environmental factors other than temperature and humidity (e.g., solar radiation, wind speed) and biological factors (e.g., heat tolerance/sensitivity, diet, acclimation to heat) can modify the potential impact of given environments on feedlot cattle. Severe to extreme category conditions can be lethal for vulnerable cattle when combined with high solar radiation levels and low wind speeds, especially when maximum THI is 86 or higher; such conditions were prevalent in the 1995 heat wave which caused more than 4000 feedlot cattle deaths in the central United States (Hahn and Mader, 1997) . 
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For example, the effects on milk production have been evaluated for either potential global cooling resulting from supersonic transport planes (Johnson et al., 1975) or current concerns about possible global warming associated with fossil fuel use and other human activities (Hahn et al., 1992; Klinedinst et al., 1993; Valtorta et al., 1995) . Numerous other examples of such usage are in the Proceedings of the International Livestock Environment Symposia series (published by ASABE) which began in 1974. Relationships for long-term strategic decisions (e.g., evaluating the need for and selection of economical environmental modification practices) must recognize the ability of animals to acclimatize during long-term exposure to challenging thermal environments. Response relationships useful for short-term tactical decisions (day-to-day operations, such as handling practices and use of heating/cooling equipment), must recognize the dynamics of the animal response to short-term environmental challenges, such as reported for cattle by Hahn (1999) . The outcome of current applications of this dual approach, even with the limitations of current information, has been improved production, health, and well-being of animals in adverse climates, especially during weather extremes.
Area expected to have a major heat wave (Strong, Severe, Extreme category) about 1 year in 4 (25% chance). Area expected to have a major heat wave (Strong, Severe, Extreme category) about 2 years in 5 (40% chance). 
Modifications to the THI
Various modifications to the THI have been proposed to overcome shortcomings related to lack of inclusion of airflow and radiation heat loads. An example is the Black-Globe Temperature-Humidity Index (BGTHI; Buffington et al., 1981) , which uses black-globe temperature (Bond and Kelly, 1955) instead of dry-bulb temperature in the THI equation. Applications of the BGTHI to dairy cows suggested that values of 70 or below had little impact, while values of 75 or higher markedly reduce feed intake (Buffington et al., 1981) . More recently, Buffington and others agree that a threshold of 75 for marked reduction in feed intake is likely too high given the current milk production levels, genetics, and use of bovine somatotropin (Gooch and Inglis, 2001) .
Other corrections to the THI have been proposed, particularly for use with feedlot cattle, based on recent research by Mader and Davis (2002) and Eigenberg et al. (2005) using measures of wind speed (WS) and solar radiation (SR). On the basis of the impact on panting score (Mader and Davis, 2002) , THI was adjusted as follows:
THI adj = 4.51 + THI -1.992 WS + 0.0068 SR (3) where WS = wind speed, m/s SR = solar radiation, W/m 2 . For a range of conditions from 15°to 40°C and 35% to 90% RH, hourly THI adjustments as evaluated by Mader et al. (2006) were +0.7 for an increase in SR of 100 W/m 2 , and -2.4 for a WS increase of 1 m/s, based on panting scores of observed animals; adjustments to daily THI means were 1.14 and -3.08 for SR and WS, respectively.
Respiration rate (RR) has also been shown to be a good indicator of stress level Gaughan et al., 2000; Eigenberg et al., 2005) . Respiration rates of unshaded animals penned individually during daylight hours were observed by Eigenberg et al. (2005) during summer months and compared with recorded temperature (T db , °C), dew point (T dp ) or relative humidity (RH, %),, wind speed (m/s) and solar radiation (W/m 2 ). A functional relationship was developed for RR (no shade, T db >25°C): RR = 2.8T db + 2.4T dp -1.5WS + 0.038SR -52.8 (4)
The relationship was used to develop equivalent RR thresholds for THI categories, assuming a solar radiation load of 800 W/m 2 , a wind speed of 0 m/s, dry-bulb temperature range of 25 to 40°C, and relative humidity between 30 and 50% (Table 2) .
Comparatively, the equivalent hourly THI adjustments from observations of RR as determined by Eigenberg et al. (2005) were +3.9 and -1.7, respectively, for the same increases in SR and WS as used by Mader et al. (2006) . While the proposed adjustment factor differences are substantial, there were differences in the types and number of animals used in the two studies. Nevertheless, the approach appears to merit further research to establish acceptable THI corrections, perhaps for a variety of animal parameters.
Other Approaches to the Development of Thermal Indices for Animals Gaughan et al. (2008) developed a Heat Load Index (HLI) as a guide to the management of Bos taurus, Bos indicus, and Bos taurus × Bos indicus feedlot cattle during hot weather. The HLI was developed following observation of behavioral responses (respiration rate, panting score, shade seeking, location in pen [e.g., at water trough]) and changes in dry matter intake of feedlot steers (n = 17,750) representing 7 genotypes over 8 summers. Thirteen feedlot locations were used (10 in Australia and 3 in USA). In addition to the cattle data, climatic data were collected from automated weather stations located at each site. The HLI is based on humidity (RH, %), wind speed (WS, m/s), and black-globe temperature (BGT, °C). Where BGT cannot be measured directly a predicted BGT can be computed (EA Systems, 2002) from air temperature (T db , °C) and solar radiation (SR, W/m 2 ):
Predicted BGT = 1.33 × T db -2.65 × T db 0.5 + 3.21× log 10 (SR + 1) + 3.5 (5) The HLI consists of two parts based on a black-globe temperature threshold of 25°C:
HLI BGT>25 = 8.62 + 0.38 RH + 1.55 BGT -0.5 WS + e (2.4 -WS) (6) where e is the base of the natural logarithm, and: HLI BGT<25 = 10.66 + 0.28 RH + 1.3 BGT -WS (7) A base threshold was developed (HLI = 86) for unshaded Angus steers. Adjustments to the base threshold are subsequently made on the basis of genotype (e.g., for Bos indicus the HLI threshold is 96), coat color (e.g., for white coat the HLI threshold is 89), health status (e.g., the threshold is 81 if the animal is sick), access to shade (e.g., the threshold is 93 where steers have access to 3.0 m 2 of shade per animal), days on feed manure management (i.e., the number of days between pen cleaning), and drinking water temperature. The threshold adjustments were developed on the basis of changes in respiratory dynamics (primarily changes in panting score) and increases in tympanic temperature; other threshold adjustments are provided in Table 3 . The thresholds are used to calculate the accumulated heat load (AHL) to which the cattle are exposed. The AHL is based on the THI-hours concept of Hahn and Mader (1997) . When an animal is exposed to a HLI above its threshold, the core body temperature increases, and this is the basis for calculating AHL. The longer the duration of exposure to a HLI above the threshold the greater the stress (i.e., the greater the accumulated heat load). The AHL also accounts for any potential recovery during nighttime cooling. Therefore the AHL gives an indication of the total heat load on the animal, and is a better indicator of thermal stress than a spot measure of HLI. in Bos taurus cattle, manure management at 5 feedlots and drinking water temperature was assessed on three feedlots. [b] The values for the reference steer are presented as 0, i.e. no change from the threshold of 86. [c] For shade that provides 70% block out (includes shade cloth and also steel structures with gaps in the roof). Unshaded Bos indicus cattle > 25 % not included. [d] Not all cattle were assessed for this trait. Waygu cattle excluded from 130 + d. [e] Mean depth over 54 days [f] Only unshaded Angus cattle were assessed for this trait.
The HLI and the AHL have now been implemented as a heat load warning guide on the Internet (www.katestone.com.au/mla), as both a current and 5-day forecast for Australian producers. In addition the HLI and AHL form a portion of the annual risk assessment undertaken by commercial feedlots in Australia as part of the quality assurance program.
Using the approach that animals themselves provide an integrated response to their thermal environment, the linear-regression-based estimator developed by Eigenberg et al. (2005) for RR of unshaded feedlot cattle at temperature levels above 25°C (described earlier in Equation 4) serves as the basis for alerting feedlot managers to possible thermal stress in their animals. This relationship has been further used to implement an environmental monitoring device for guidance in managing livestock production facilities and is currently used in conjunction with U.S. National Weather Service forecasts for online heat wave alerts (ars.usda.gov/main/site _main.htm?modecode=54-38-00-00; click on "Cattle Heat Stress" link). See Chapter 6 for further details. Baeta et al. (1987) developed an Equivalent Temperature Index (ETI) for dairy cows in above-thermoneutral conditions, which combined the effects of air temperature and humidity with airspeed to evaluate the impacts on heat dissipation and milk production ( Figure 5 ). So far, the ETI has not been widely accepted, perhaps because of being based on limited (3-day) treatment observation periods which do not adequately reflect longer-term effects. Nevertheless, it may provide representative results for short-term heat challenges that often occur in the summer season.
A somewhat similar approach was used to derive an Apparent Equivalent Temperature (AET) from air temperature and vapor pressure to develop "thermal comfort zones" for transport of broiler chickens (Mitchell et al., 2001 link the AET with increased body temperature during exposure to hot conditions indicated potential for improved transport practices. For cold-weather conditions, Ames and Insley (1975) developed wind-chill equations for cattle and sheep, which recognize the considerable effect of hair coat on heat exchange with the surroundings.
Considerations for Further Development of Thermal Indices for Animals
The success of the THI, particularly for cattle applications, has been useful for development of rational decision-making information for livestock managers. That does not mean it is the best thermal index that can be developed for all livestock applications, because of its limitations related to thermal radiation, airflow, and cold conditions. Additionally, there are species-specific limitations (e.g., non-sweating swine and poultry, which respond quite differently to warm environments than cattle). There are even limited cases where air temperature alone has been shown to be an adequate representation of the impact of hot thermal environments; for example, an evaluation of predictors of thermal variable effects on rectal temperature of lactating cows in a subtropical environment (Dikman and Hansen, 2009) . It should also be noted that in intensive animal housing with environmental modification, temperature alone is also the usual control parameter. However, by combining temperature and humidity effects, the THI does capture much of the impact of warm to hot thermal environments on animals.
Nevertheless, efforts should continue for improving on the basic THI and THI-hrs concepts by incorporating the effects of thermal radiation and airflow, especially for animals in unsheltered moderate to hot environments and for animals in cold conditions. The substitution of black-globe temperature for air temperature to obtain the BGHI (Buffington et al., 1981) appears to be useful in some applications, and adding modifiers to the THI to recognize thermal radiation and wind effects on animals in unsheltered environments (as suggested for feedlot cattle: Mader and Davis, 2002; Eigenberg et al., 2005) may have promise. The HLI (Gaughan et al., 2008) uses blackglobe temperature, relative humidity, and wind speed as the climatic inputs and is currently being used by the Australian feedlot industry. The HLI is currently being modified for use with dairy cows. Other approaches, such as the Apparent Equivalent Temperature proposed by Mitchell et al. (2001) for use in poultry transport, also may be appropriate. Enthalpy has been suggested as an alternative thermal index by Beckett (1965) for swine and by Moura et al. (1997) for swine and poultry.
The success of THI-based environmental management for livestock, as discussed in this chapter, lies not in the THI being the best possible thermal index, but in the development of biologic response functions that link important animal responses to an appropriate index which in turn serves as a surrogate to reflect complex heat exchanges between the thermal environment and the animal. Relationships for long-term strategic decisions (e.g., evaluating the need for and selection of economical environmentalmodification practices) must recognize the ability of animals to acclimatize during long-term exposure to challenging thermal environments. Response relationships useful for short-term tactical decisions (day-to-day operations, such as handling practices and use of heating/cooling equipment), must recognize the dynamics of the animal response to short-term environmental challenges. The outcome of current applications of this dual approach, even with the limitations of current information, has been improved environmental management, which benefits production, health, and well-being of animals in adverse climates, especially during weather extremes.
Any modified or replacement index must be pragmatic in the face of limited resources available for development and application. Regardless of the level of sophistication, thermal indices need to be developed in a way that improves on the foundation of applications that have served livestock managers well in their decision-making process. That means any improved index will ideally be useful as a basis for continued development of biologic response functions, and representative of the consequences resulting from primary factors influencing energy exchanges between the animal and its surroundings. For strategic decision-making, a proliferation of indices, each with limited application, is not recommended. Instead, the goal should be an index that is broadly applicable or readily adjustable across life stages and species, in order to maximize the utility of probability information about the index. For tactical decisions, modifiers for indices that focus more on the animal's immediate physiological responses to heat exchanges with the thermal environment may be appropriate. An alternative for tactical decisions is observation of the animals themselves as an integrator of the impact of the thermal environment (Young et al., 1997; Eigenberg et al., 2005) , keeping in mind that tactical action is required at early signs of heat stress to prevent or minimize performance losses.
